
Journal of Geophysical Research: Space Physics

Ultralow Frequency Waves as an Intermediary for Solar Wind
Energy Input Into the Radiation Belts

M. Georgiou1,2 , I. A. Daglis2 , I. J. Rae1 , E. Zesta3 , D. G. Sibeck3 , I. R. Mann4 ,
G. Balasis5 , and K. Tsinganos2

1Mullard Space Science Laboratory, Department of Space and Climate Physics, University College London, Dorking, UK,
2Department of Physics, National and Kapodistrian University of Athens, Panepistimioupolis Zografos, Athens, Greece,
3Goddard Space Flight Center, National Aeronautics and Space Administration, Greenbelt, MD, USA, 4Department of
Physics, University of Alberta, Edmonton, Alberta, Canada, 5Institute of Astronomy, Astrophysics, Space Applications and
Remote Sensing, National Observatory of Athens, Penteli, Greece

Abstract Enhancements of electron fluxes in the outer radiation belt have been closely linked to
increases in solar wind speed and density as well as to prolonged intervals of southward interplanetary
magnetic field. Periodic oscillations in the Earth’s magnetic field with frequencies in the range of a few
millihertz (ultralow frequency or ultralow frequency waves) may be an intermediary through which these
solar wind drivers influence radiation belt dynamics due to their potential for resonant interactions with
energetic electrons causing the radial migration of resonant electrons. Using data from more than 180
ground magnetometers contributing to the worldwide SuperMAG collaboration, we explore possible
relationships between relativistic electron flux variations and the spatial and temporal profiles of ultralow
frequency wave power contained in the Pc5 frequency band (2–7 mHz). During 19 geomagnetic storms
marked by relativistic (1.5 MeV < E < 6 MeV) electron flux enhancements and 19 storms that led to
prolonged electron flux depletions, Pc5 wave power is found penetrating to L shells as low as 2–3. The
enhancement of Pc5 wave power starts almost simultaneously with the storm onset. The depth of wave
activity penetration was found associated with the strength of geomagnetic activity (Spearman’s 𝜌 = 0.54),
which is also related to the location of electron flux maximum observed in the recovery phase. Pc5 wave
activity persists longer (for up to ≈62 hr) for those storms that produced relativistic electrons. We also
investigate the combination of interplanetary conditions necessary to differentiate the response of
relativistic electron fluxes to geomagnetic storms. A coupling function that captures the increased
reconnection rate at the dayside magnetopause affecting magnetospheric processes which may produce
Pc5 wave power offers an additional key to further understanding the outer belt dynamics.

1. Introduction

Since their discovery by Van Allen et al. (1958), the Earth’s radiation belts have been a subject of intense
study. How this population of charged particles is accelerated to very high energies, transported and lost in
the Earth’s magnetosphere has been the focus of radiation belt research ever since (Kellogg, 1959). Several
acceleration and loss mechanisms have been proposed to act synergistically to generate relativistic electrons
whose kinetic energy can reach up to 10 MeV (Baker et al., 2014, 2016). Among the most prominent candidates
are resonant interactions between electrons and extremely low frequency/very low frequency waves, which
violate the first and second adiabatic invariants, 𝜇 and K (Horne et al., 2005; Summers et al., 1998). Whistler
mode chorus waves and magnetosonic waves can singly or jointly accelerate resonant electrons in situ (Li
et al., 2017), and plasmaspheric hiss can cause the loss of relativistic electrons through pitch angle scattering
(Ni et al., 2013).

Recent studies (Boyd et al., 2018; Chen et al., 2007) have presented compelling evidence for local acceleration
as the dominant acceleration mechanism for megaelectron volt electrons in the outer radiation belt. However,
radial transport by ultralow frequency (ULF) waves has also been shown to explain the outer belt dynamics
(Mann et al., 2013; Su et al., 2015) and at times to be inadequate (Horne et al., 2005; Subbotin & Shprits, 2009).
ULF waves with frequencies between 1 and 20 mHz (Jacobs et al., 1964) can violate the third adiabatic invariant
L∗ under the drift resonance condition𝜔 = m⋅𝜔d , where𝜔 is the wave frequency, m the azimuthal wave mode
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number, and 𝜔d the electron drift frequency (Elkington et al., 2003; Ozeke et al., 2014). L∗ is Roederer’s drift
shell parameter (Roederer, 1970), which is equal to the radial distance of the adiabatically equivalent electron
drift orbit on the equatorial plane of a dipole field. The importance of radial transport for the outer radiation
belt evolution during geomagnetic storms has not been determined definitively.

Radial transport is often described as a stochastic process, whereby a source population at large radial dis-
tance (e.g., from the plasma sheet; Turner, 2010) is transported earthward to regions of stronger geomagnetic
fields and, thereby, electrons increase their energy. Inward radial diffusion is the result of incoherent transport
of particles by fields fluctuating stochastically at electron drift frequencies. Radial diffusion may also act as a
loss mechanism when particles drift outward and are lost to the magnetopause (Hudson et al., 2014; Loto’aniu
et al., 2010; Ozeke et al., 2014). The direction of particle diffusion (inward or outward) is dependent on the
gradient of electron phase space density in adiabatic coordinates, 𝜇, K , and L∗ (Green & Kivelson, 2004). Non-
diffusive prompt transport has been identified as an additional source of relativistic electrons for the outer
radiation belt (Brautigam & Albert, 2000; Fälthammar, 1965, 1968). Such rapid acceleration is typically medi-
ated by shock-induced compressional waves (e.g., the case of 24 March 1991 superstorm; Blake et al., 1992;
Li et al., 1993).

The diffusion rate is proportional to power spectral density (PSD) of stochastic fluctuations of the Earth’s mag-
netic field as well as induced electric fields in the ULF frequency range (Fei et al., 2006). The radial diffusion
coefficient (DLL) describing the diffusion rate of energetic electrons increases with L shell (Brautigam & Albert,
2000; Huang et al., 2010; Ozeke et al., 2012) since power progressively decreases toward the inner magneto-
sphere (Georgiou et al., 2015; Liu et al., 2009). This monotonic relationship has been evident in the correlation
observed at times between solar wind speed increases and outer radiation belt electron flux enhancements
(Liu et al., 2010; Mann et al., 2004; Mathie & Mann, 2000, 2001; O’Brien, Sornette, & McPherron, 2001). Increased
ULF wave power should correspond to an increase in DLL and, therefore, faster radial diffusion resulting in
electron flux enhancements during geomagnetic storms.

In this paper, we extend the previous study reported by Georgiou et al. (2015) on the association between
outer belt electron flux and ULF Pc5 wave power enhancements. By exploiting the benefits of combining mag-
netic field data from multiple ground magnetometer arrays into a global network by the SuperMAG initiative
(Gjerloev, 2009), Georgiou et al. (2015) derived the latitudinal and azimuthal distribution of Pc5 wave power
during the initial, main, and recovery phase of four intense magnetic storms (minimum Dst index ranged from
−105 to −387 nT). The results indicated that electron flux enhancements were associated with wave power
penetrating deep into the inner magnetosphere. In addition, the penetration depth was found to be propor-
tional to the storm strength (we refer the reader to Figures 3 and 6 of Georgiou et al., 2015). It is, however,
essential to go beyond case studies and look at statistics and a bigger picture to tease out the effect of Pc5
wave activity on outer radiation belt electrons, and this is the aim of our study.

The superposed epoch analysis of ULF Pc5 wave activity during 38 intense and moderate storms (−220 nT <

SYM − Hmin < −40 nT) that occurred during the previous solar cycle 23 allows us to look into the importance
of magnetospheric versus solar wind conditions when studying the storm response of the outer belt electron
fluxes. In section 2, we present the relativistic electron flux enhancement and depletion events selected to
investigate which had been initiated by coronal mass ejections (CMEs), but the response of the geomagnetic
field and plasma populations in the magnetosphere was different. This difference had previously been inves-
tigated by O’Brien, et al. (2001, 2003). Taking these past studies a step further, observations presented in this
paper draw a comprehensive picture of the distribution of ULF Pc5 wave activity along radiation belt electron
drift paths and L shells. In section 3, solar wind and solar wind-magnetosphere coupling parameters are first
investigated for the two sets of geomagnetic storms with and without relativistic electron flux enhancements
in the recovery phase. Within the magnetosphere, changes in the relativistic electron population of the outer
radiation belt are, subsequently, compared against ULF Pc5 wave activity that also varied in both intensity
and duration between storms that produced or did not produce relativistic electrons. In section 4, we discuss
our results which are summarized in section 5.

2. Data Set and Analysis
2.1. Event Selection
We focus on isolated geomagnetic storms that occurred between January 1998 and April 2004, a period cov-
ering most of the ascending phase of solar cycle 23, through the maximum, to the early declining phase.
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Figure 1. Superposed epoch analysis of SYM-H index and relativistic electron fluxes measured by the SAMPEX satellite for magnetic storms leading to flux
enhancements in the recovery phase (a, d), sustained flux depletions (b, e), and a set of random epochs (c, f ). The dotted vertical line denotes the time of SYM-H
index minimum, which we define as epoch time zero, to . SAMPEX = Solar Anomalous and Magnetospheric Particle Explorer; UT = Universal Time.

To avoid the influence of multiple storms, we limited our study to isolated storms with no other storms occur-
ring within 2 days before and at least 3 days after, whose origin was traced back to either an interplanetary
coronal mass ejection (ICME) or a magnetic cloud (Gopalswamy et al., 2009; Lepping et al., 2006; Richardson &
Cane, 2010; Zhang et al., 2007). A total of 38 intense (with SYM − Hmin < −100 nT) and moderate storms (with
SYM−Hmin < −40 nT) with one-step growth in SYM-H index followed by a recovery to prestorm levels without
additional activity was found to satisfy these criteria. The number of selected storms with the classic profile is
a fraction of the storms that had been accounted in the previous study of O’Brien, et al. (2001, 2003) which,
in their vast majority, had developed in a more complicated fashion. Using this list of storms (Tables S1 and
S2 of supporting information), we performed superposed epoch analyses on relativistic electron flux mea-
surements as well as solar wind parameters, ULF Pc5 wave power, and Pc5 wave activity index. We followed
the methodology of Morley and Freeman (2007), Morley et al. (2010), and Hendry et al. (2005) for superposed
epoch analysis with the minimum of SYM-H index, marking the maximum of each magnetospheric distur-
bance as epoch time zero, to, and separated storms into storms that result in electron flux enhancement or
prologued depletion.

Figures 1a–1c show the superposed epoch median of SYM-H index by a solid line and mean with a dotted
line. The 95% confidence interval for the median, shown by the white-colored band, is the bias-corrected and
accelerated bootstrap interval. The light-colored bands indicate the interquartile range and the dark-colored
line the bootstrapped 95% confidence interval about it. To obtain the confidence intervals for the median,
1,000 bootstrap samples were used and 4,000 for the confidence intervals about the interquartile range. The
superposed epoch of SYM-H index gives confidence in our method of single-dip storm identification since it
shows the expected morphology of storm evolution. However, stronger storms have been known to behave
differently from weaker storms in that the timescales of both main and recovery phases are longer (Yokoyama
& Kamide, 1997). For each of the two sets of storms, the durations of the main and, in particular, the initial
recovery phase have quite a large range, generating the large spread of the index values. The SYM-H index falls
off somewhat quicker in the events that did not produce high-energy electrons in the recovery phase, sug-
gesting that the geomagnetic field topology was likely different than events that result in relativistic electron
flux enhancements.

GEORGIOU ET AL. 10,092
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2.2. Relativistic (E ≥ 1.5 MeV) Electron Flux Measurements
To examine enhancements and depletions in the outer belt electron fluxes, we used measurements of rel-
ativistic electron fluxes from National Oceanic and Atmospheric Administration’s Geostationary Operational
Environmental Satellites (GOES). The energetic particle sensor EP8 onboard GOES-8 and GOES-10 measured
the integral directional flux of electrons at energies ≥2 MeV (Onsager et al., 1996). The relativistic electron
flux measurements were extrapolated to local noon in order to distinguish temporal variations from the
consequences of the orbital motion of satellites using Statistical Asynchronous Regression, as proposed by
O’Brien, Sornette, & McPherron (2001) to determine the relationship between two quantities without simulta-
neous measurements. In addition, measurements of integral directional electron fluxes at 1.5–6 MeV from the
Proton/Electron Telescope instrument onboard the Solar Anomalous and Magnetospheric Particle Explorer
(SAMPEX; Cook et al., 1996) were used as representative of conditions in the radiation belts. The near-polar
orbit of SAMPEX at an altitude of ≈600 km and a period of ≈96 min allowed the collection of observations
of both trapped and precipitating relativistic electrons in the outer radiation belt (Tu et al., 2010). The mea-
surements recorded have been averaged and sorted by the McIlwain L shell to produce the radial profile of
relativistic electron fluxes for L shells ranging from 1 to 10 with spatial resolution up to 0.25 L (we refer the
reader to Figure S1).

To determine each storm’s response, we used the criterion applied by Reeves et al. (2003) on relativistic elec-
tron fluxes measured by the GOES satellites. The maximum electron flux measured by GOES satellites over a
period of time of 2 days prior to the SYM-H minimum was compared with that 4 days after. When the ratio
of the prestorm to poststorm maximum electron flux was found to be greater (or lower) than a factor of 2,
the electron flux change at geosynchronous orbit was defined as an enhancement (or depletion) and this
was in agreement with the electron flux change observed at different L shells by the SAMPEX spacecraft.
Figures 1d–1f show the results of superposed epoch analysis where relativistic electron fluxes measured by
SAMPEX have been binned according to epoch time (1-hr resolution) and L shell (0.25-L resolution) from 2 days
prior to the disturbance maximum to 4 days following to based on Universal Time (UT). In addition to the two
sets of storms marked by electron flux enhancements and prolonged depletions, superposed epoch analysis
was undertaken with a set of 20 random epochs within the period 1998–2004 as a check of the significance
of changes observed during geomagnetic storms.

Specifically, Figure 1d shows the median of 1.5- to 6-MeV electron fluxes observed during 19 magnetic storms
that led to flux enhancements in their recovery phase. to marked by the dotted line corresponds to the mini-
mum SYM-H index during each magnetic storm. Prior to the SYM-H index minimum, relativistic electron fluxes
reached values as high as 103 cm−2⋅ s−1⋅ sr−1 and spread over a region extending from ≈ 2.5 to ≈ 5.9 L (with
this L shell range defined by flux > 101 cm−2⋅ s−1⋅ sr−1). Relativistic electron fluxes fell during the storms’ main
phase, gradually recovered, and eventually surpassed prestorm levels in the recovery phase. It is worth noting
the difference between the electron fluxes observed in the recovery phase of 19 storms leading to enhance-
ments and storms followed by sustained flux depletions (Figure 1e). In particular, relatively low values and a
maximum of ≈ 28 cm−2⋅ s−1⋅ sr−1 were observed during the recovery phase of storms followed by flux deple-
tions that did not exceed ≈ 316 cm−2⋅ s−1⋅ sr−1. While only the median of the electron fluxes from SAMPEX
are shown here, the changes are consistent with the lower and upper quartiles as well as the mean of the flux
distribution (not shown here) .

2.3. ULF Pc5 Wave Power Observations
To determine how ULF Pc5 wave activity evolved during the selected storms, we exploited magnetic field
data made available by the SuperMAG initiative that brings together magnetic field measurements from
more than 30 ground magnetometer arrays. For consistency between the magnetic coordinates provided for
Proton/Electron Telescope electron measurements in SAMPEX mission data archives, the International Geo-
magnetic Reference Field (IGRF) 1990 model has also been used for the calculation of ground magnetometer
magnetic coordinates and in particular, L shell. To calculate ULF wave power in the Pc5 frequency range, we
adopted the methodology of Balasis et al. (2012) and Balasis et al. (2013) for the continuous wavelet trans-
form analysis of the magnetic north horizontal (N) component in the measured geomagnetic field. From the
dynamic wavelet spectra, we calculated the scale-averaged wavelet power over the frequency range between
2 and 7 mHz (corresponding to periods of 150 to 600 s). We also calculated the scale-averaged wave power
at all frequencies above 0.2 mHz and up to the Nyquist frequency (equal to 8.3 mHz for 1-min resolution data
available through SuperMAG) to derive a Pc5 ULF wave activity index. These calculations were performed
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Figure 2. (a–h) Superposed epoch analysis of half-wave rectified interplanetary magnetic field Bz , solar wind speed, dynamic pressure, and proton density, as
measured by the ACE/Wind spacecraft for the same two storm sets as Figure 1. UT = Universal Time.

in order to be able to differentiate between power concentrated in the Pc5 frequency range in the form of
narrowband pulsations from more broadband power.

Specifically, we followed the approach of Engebretson et al. (1998) and Posch et al. (2003) who had defined
such a Pc5 wave activity index as the ratio of power integrated over the Pc5 frequency band to the power inte-
grated over the wider ≥ 0.2-mHz frequency band to identify the dominance of narrowband Pc5 pulsations.
Since spectral power falls as f−2, this index is primarily sensitive to the ratio of wavelet power above 2 mHz to
power in the 0.2–2 mHz. Therefore, increasing values of the index indicate that more wavelet power is con-
centrated in the Pc5 frequency band in the form of narrowband pulsations rather than in broadband noise,
which may have been generated by substorm activity or irregular pulsations. A different approach had been
followed by Kozyreva et al. (2007) to calculate a similar ULF wave activity index and reached similar results
as Engebretson et al. (1998) and O’Brien, Sornette, and McPherron (2001; we refer the reader to Figure 3 of
Kozyreva et al., 2007).

3. Superposed Epoch Analysis Results
3.1. IMF and Solar Wind Conditions
Figure 2 shows the results of superposed epoch analysis for a set of parameters in the solar wind that we ana-
lyzed for the selected storms. Similar to Figure 1, to has been defined as the UT of minimum SYM-H index. In
addition to the median and the 95% confidence interval for the median, each panel also shows the interquar-
tile range and 95% confidence interval about it for the half-wave rectified interplanetary magnetic field (IMF)
Bz component in Geocentric Solar Magnetospheric coordinates, Bs, the solar wind flow speed, Vsw, proton
density, N, and dynamic pressure, Pdyn, at every hour of epoch time.

GEORGIOU ET AL. 10,094
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Figure 3. Superposed epoch analysis of magnetic reconnection rate at the dayside magnetopause (a, c) and magnetopause location (b, d) in the same format as
Figure 2. UT = Universal Time.

Bs shown in Figures 2a and 2e, where Bs = −Bz when Bz ≤ 0 and Bs = 0 when Bz > 0.Bs, offers a measure
of the efficiency of magnetic reconnection at the dayside magnetopause that is favored by southward IMF
orientation (Dungey, 1961). Southward IMF Bz also influences the megaelectron volt electron population in
the outer radiation belt (Wing et al., 2017; Zhao et al., 2017). Specifically, southward IMF Bz has been proposed
as a requirement for relativistic electron enhancements (Iles et al., 2002). This is evident in storms leading to
flux enhancements where the Bs remained at high levels longer during both the main phase and early recovery
(up to to + 20 hr) than storms followed by prolonged depletions. Shut off of the Bs influence is observed earlier
in storms followed by prolonged depletions without continued energy input into the magnetosphere.

When considering the solar wind flow speed, we see that Vsw drops off gradually during the recovery phase of
storms that did not produce relativistic electrons but remains at high levels (>500 km/s at to +62 hr) in events
that produced (Figure 2b and 2f). The median Vsw (close to 500 km/s at≈ to−2 hr) peaks during the main phase
of storms with prolonged flux depletions and in the early recovery phase (≈ 600 km/s at ≈ to +6 hr) of storms
where relativistic electrons responded above prestorm levels. Previous studies have suggested that Vsw is a
dominant driver of relativistic electron fluxes in the outer radiation belt (Kellerman & Shprits, 2012; Paulikas
& Blake, 1979; Reeves et al., 2011, 2013). Moreover, Lyatsky and Khazanov (2008) found that the response of
relativistic electrons along the geosynchronous orbit to an increase in the solar wind speed has a lag time of
≈ 2 days. Our results support a similar conclusion to these as well as other studies.

In contrast with the southward IMF and solar wind speed, the solar wind dynamic pressure Pdyn (Figures 2c
and 2g) remains for most storms leading to electron flux enhancements at lower values (< 8 nPa) even though
the same fluctuations on average are seen as during storms followed by flux depletions. Li et al. (2005) have
suggested that Pdyn increases push the magnetopause inward. This compression of the magnetopause, which
presumably opens up to previously closed particle drift paths, leads to trapped electrons crossing the mag-
netosphere’s outer boundary and being lost into the interplanetary medium—a physical process known as
magnetopause shadowing of drift paths (Katsavrias et al., 2015; Kim et al., 2008; Shprits et al., 2006; Ukhorskiy
et al., 2015). Yu et al. (2013) estimated that magnetopause shadowing accounts for more than 90% of the
flux dropout observed at geosynchronous orbit during the main phase of storms and ≈60% at lower L shells.
The increase in Pdyn is contained in the initial and main phases of storms (between to−24 hr and to +12 hr)
after which the solar wind dynamic pressure recovered, resulting in relaxation of the magnetopause that is
discussed in section 3.2.

Solar wind density, N, shown in Figures 2d and 2h, has been associated with enhancements of plasma sheet
density (Borovsky et al., 1998). In addition, increased solar wind density can reduce penetration of large-scale
electric fields into the inner magnetosphere, increasing the size of the plasmasphere and plasmaspheric
plumes (Onsager et al., 2012). Our selection of storms seems to have resulted in a set of events with different
density profile in the solar wind where higher density median is observed in events followed by electron flux
depletions (up to ≈14 cm−3) than during events leading to flux enhancements (≈9 cm−3). These results do

GEORGIOU ET AL. 10,095



Journal of Geophysical Research: Space Physics 10.1029/2018JA025355

Figure 4. Superposed epoch analysis of broadband Pc5 wave power in the north horizontal component as measured by ground magnetometer arrays
collaborating with SuperMAG for storms leading to flux enhancements (a, d), sustained flux depletions (b, e), and a set of random epochs (c, f ). The superposed
median (white line) and mean (dotted black line) of power at L =5 are shown on the right along with the interquartile range and 95% confidence interval about
them. ULF = ultralow frequency; UT = Universal Time.

not show conclusively that solar wind proton density shows the opposite behavior to outer belt electron flux
but are consistent with Lyatsky and Khazanov (2008) and Kellerman and Shprits (2012).

3.2. Solar Wind-Magnetosphere Coupling
Besides solar wind and IMF parameters, a number of solar wind-magnetosphere coupling functions have been
proposed over the years to quantify the effect of solar wind on geomagnetic activity. The epsilon parameter of
Akasofu, 𝜖 = (4𝜋∕𝜇o)VswB2sin4(𝜃∕2)l2

o , where 𝜇o is the magnetic permeability of free space and lo is an empiri-
cally determined scaling factor corresponding to the estimated energy input in the magnetosphere (Akasofu,
1991), is widely used although its unclear definition may lead to confusing interpretations. The reconnection
rate at dayside magnetopause derived according to the Cassak-Shay equation (Borovsky & Birn, 2014), shown
in Figures 3a and 3c, is closely correlated with geomagnetic activity indices. When looking at the median of
Rquick, the peak at ≈ to − 8 hr was reached within the main phase of both sets of storms. Nonetheless, on
average, Rquick remained at higher levels in the main phase as well as the early recovery phase (up to to +36
hr) of those storms that produced relativistic electrons.

Magnetic reconnection occurs at the magnetopause where energy, mass, and momentum are transferred
from the magnetosheath into the magnetosphere. In investigating interactions between the interplanetary
and near-Earth space environment, determination of the size and configuration of the magnetosphere are,
therefore, also important. We used the Shue et al. (2006) model to calculate the magnetopause location. As
shown in Figures 3b and 3d, during storms that produced sustained losses of high-energy electrons, there
was substantial dayside compression of the magnetopause (Rmp < 8 RE at about to − 4 hr). While the inner-
most location reached was on average similar between the two sets of storms, the magnetopause had moved
inward of 7 RE during the most intense storms leading to sustained electron flux depletions. The difference in
Rmp as well as Rquick, N, Pdyn, Vsw, and Bs between the two sets of storms with different response of outer belt
electron fluxes was confirmed by Kolmogorov-Smirnov testing carried out at a statistical significance level of
5% and over the time period from to − 26, 05 hr to to +66,82 hr, which corresponds to the average duration
of storms examined.

GEORGIOU ET AL. 10,096
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Figure 5. Superposed epoch analysis of coherent narrowband Pc5 wave power in the north horizontal component as measured by ground magnetometer arrays
collaborating with SuperMAG for storms leading to flux enhancements (a, d), sustained flux depletions (b, e), and a set of random epochs (c, f ) in the same format
as Figure 4. ULF = ultralow frequency; UT = Universal Time.

While the solar wind structure for the storms investigated was similar in that either an ICME or a magnetic
cloud, which is a subset of ICMEs (Richardson & Cane, 2004), was the origin, differences between these
interplanetary structures could be responsible for the broad range of the superposed epoch of solar wind
parameters. Specifically, 30% of the storms were associated with magnetic clouds and more than half (57.5%)
with sheath fields/plasma regions formed ahead of the ICME ejecta. Echer et al. (2008) have shown that both
intense and moderate storms may be caused by equally high solar wind dynamic pressure (shocks), high
speed streams, and IMF Bz north conditions. However, magnetic cloud and sheath driving had a different
response from the Earth’s magnetosphere than CMEs. Sheaths, ejecta, and magnetic clouds are characterized
by distinct solar wind and IMF conditions as well as different magnetospheric responses, and it is, therefore,
expected that they also have distinct effects on the radiation belt dynamics (Hietala et al., 2015). For example,
the depleting effect of sheath regions is clearly seen in the 23 May 2002 storm driven by a sheath alone.

3.3. ULF Pc5 Wave Power Spatiotemporal Distribution
3.3.1. Latitudinal Pc5 Wave Power Distribution
Figure 4 shows the median of Pc5 wave power concentrated in the magnetic north horizontal component
(N) of the geomagnetic field as a function of epoch time relative to minimum SYM-H index over L shells rang-
ing from 1 to 10. In both sets of storms that have produced relativistic electrons in the recovery phase and
storms that resulted in sustained electron depletions, Pc5 wave power decreased with decreasing L shell while
its peak is observed almost simultaneously with the minimum SYM-H index. As shown in Figures 4a and 4d,
Pc5 wave power reached its highest values (higher than 102 nT2/Hz) during the main phase and was sus-
tained throughout the recovery (up to ≈ to +48 hr) of those magnetospheric events that led to electron
flux enhancements. We should also note that Pc5 wave activity was not only limited in the recovery phase of
storms followed by prolonged flux dropouts (Figures 4b and 4e); it also dropped off by more than an order of
magnitude≈ 8 hr after the SYM-H index minimum. This striking difference is consistent with the previous stud-
ies of O’Brien, Sornette, and McPherron (2001) and O’Brien et al. (2003) and points out the role that ULF Pc5
waves may play in accelerating electrons and populating the outer radiation belt with high-energy particles.

Figure 5 shows the time evolution of the median of Pc5 wave activity index at L shells ranging from 1 to
10. The specific index has been calculated as the ratio of power integrated over the Pc5 frequency band to
the power within the wider ≥ 0.2-mHz frequency band. Although it does not indicate the magnitude of Pc5
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Figure 6. L shell of the maximum electron flux (a) and maximum Pc5 wave
power (b) versus minimum SYM-H index for the same storm sets as Figures 1
and 4. Vertical bars represent where the flux and power are greater than
85% of the maximum value. The green solid line shows the scaled
plasmapause model Lpp of O’Brien and Moldwind (2003). SAMPEX = Solar
Anomalous and Magnetospheric Particle Explorer.

waves, this index is an indicator of coherent pulsations observed mainly
before the onset of storms resulting in electron flux enhancements and
more pronounced in the recovery phase (Figures 5a and 5d). The larger
values of the index (>0.1) correspond to intervals of enhanced Pc5 wave
activity over roughly constant background, peaking at L shells between
≈4 and 9. During the recovery phase of storms followed by sustained flux
depletions (Figures 5b and 5e), on the contrary, the index remained at
lower values (between 0.05 and 0.1) at all L shells—either suppressed or
masked by more broadband Pc5 wave activity. The peak of the index was
observed at L shells between 5.5 and 6.5. These observations of coherent
Pc5 wave activity observed to be related to enhancements of relativis-
tic electron fluxes in the recovery phase of storms are consistent with
coherent drift resonant acceleration of electrons to the high energies that
characterize the outer radiation belt (Degeling et al., 2008; Degeling &
Rankin, 2008), as well as narrowband Pc5 waves observed to resonate and
modulate electron populations at geosychronous orbit (Sarris et al., 2007).

3.3.2. SYM-H-Dependent Penetration in the Slot Region
The broad intensity range of storms selected for this study, with mini-
mum SYM-H index ranging from approximately −40 to −220 nT revealed
an association between storm intensity and L shell position of the peak
flux of relativistic electrons, which had been first observed by Williams et
al. (1968) and has been confirmed by recent studies (i.e., Tverskaya et al.,
2003; Zhao & Li, 2013). Figure 6 shows the L shell location of maximum rel-
ativistic flux (panel a) as well as of the maximum Pc5 wave power observed

during each of the 38 storms of this study (panel b). An example of the analysis methodology adopted to
identify the location of each maximum is shown in Figure S1 of the supporting information. Uncertainties in
the L shell position are shown as vertical bars representing where wave power and electron flux are greater
than 85% of their maximum value at the peak of each storm and at the maximum of the outer radiation belt
penetration in the slot region, similar to Zhao and Li (2013).

Despite these uncertainties, the L shell position of the maximum did not cross the plasmapause—except
for the weaker storms examined. The outer layers of the plasmasphere are believed to be stripped off dur-
ing periods of geomagnetic activity, bringing the plasmapause to L shells as low as 2. The work of O’Brien
and Moldwind (2003) has shown that the location of the plasmapause can be modeled as a function of the
minimum Dst index observed over the past 24 hr as follows: Lpp ≈ 6.3–1.57⋅ log10|min[−24,0]Dst| without
regard to the local time dependence. Interestingly, this Lpp model resembles the Lmax model developed by
Tverskaya et al. (2003) for outer belt electron fluxes, and moreover, it fits the SYM-H dependence observed in
the maximum Pc5 wave power.

A monotonic relationship of the level of geomagnetic activity and the Pc5 wave power peak is evident in
Figure 6b for both storms leading to flux enhancements and sustained flux depletions. During the main phase
of the most intense storms, enhanced Pc5 wave power was observed to peak at L shells lower than 4. During
half of the storms examined, the electron flux at geosynchronous orbit increased in the recovery phase, while
for the other half the flux decreased. This difference in the response of the outer radiation belt electron fluxes
was independent of the specific L shell (of the geosynchronous orbit). The decrease in relativistic electron
fluxes which did not recover during three of the weakest storms may explain the weak correlation between the
L shell of maximum electron flux and minimum SYM-H index (Spearman’s 𝜌of 0.46) but not between the L shell
of maximum Pc5 wave power and minimum SYM-H index (Spearman’s 𝜌 of 0.54) for the 38 storms selected to
be examined. Penetration of enhanced wave activity dependent on the level of geomagnetic activity seems
to be expected only during storms with minimum SYM-H index < −50 nT.
3.3.3. Local Time Pc5 Wave Power Distribution
Figure 7 illustrates the median of Pc5 wave power contained in the magnetic field’s N component as a function
of epoch time relative to minimum SYM-H index over all local times. Pc5 wave power in both sets of storms
increases in the main phase but reaches values more than an order of magnitude higher (> 101.5 nT2/Hz) in the
early recovery phase of storms leading to electron flux enhancements before gradually decreasing later than
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Figure 7. Superposed epoch analysis of broadband Pc5 wave power in the north horizontal component as a function of MLT for storms leading to electron flux
enhancements (a, b), sustained electron flux depletions (b, e), and a set of random epochs (c, f ) in the same format as Figure 4. ULF = ultralow frequency; MLT =
magnetic local time.

to +56 hr. We should also note that the local time distribution of Pc5 wave power peaks in the premidnight
and dawn sector (from 18:00 to 24:00 UT and from 03:00 to 09:00 UT, respectively).

In situ measurements can reveal compressional, azimuthal, as well as radial components of magnetic field
fluctuations, while signals detected on the ground are mostly of transverse components and Pc5 waves of
low azimuthal wave number that traverse the ionosphere. Still, we see a premidnight peak where it has been
observed in GOES magnetic field data analyzed by Huang et al. (2010) and is likely the consequence of storm
or substorm activity driven by tail processes, including substorm injections and dampened oscillatory flow in
the plasma sheet. Lyons et al. (2002) had argued that large-scale ULF waves that strongly perturb the plasma
sheet are a major component of tail dynamics during periods of enhanced convection. These ULF waves
occasionally have amplitudes as large as plasma flow changes that occur in association with auroral zone dis-
turbances, such as substorms. On the other hand, the noon sector wave activity seen during storms followed
by prolonged electron flux depletions (Figure 7c) was likely driven by solar wind dynamic pressure variations
that perturb the dayside magnetopause at ULF wave frequencies (Kepko et al., 2002).

Figure 8 shows that, after having decreased to < 0.05 during the main phase of both sets of storms, at mag-
netic local time (MLT) between 09:00 and 10:00, our Pc5 wave activity median remained > 0.11 for most of
the recovery phase of storms leading to electron flux enhancements (longer than 80 hr) and > 0.9 during the
recovery phase of storms resulting in sustained flux depletions. In Figures 8a and 8d as well as Figures 8b
and 8e, although there is substantial variability in the index, enhanced narrowband wave activity is observed
before the storms’ onset (i.e., before to − 18 hr). Moreover, the Pc5 wave activity index increased in the morn-
ing sector (from 06:00 to 12:00 UT) for both sets of storms, indicating a wave generation mechanism related
to the interaction of the solar wind with backstreaming ion beams upstream of the bow shock (Eastwood et
al., 2003; Gary, 1993). Mechanisms generating such narrowband waves also include excitation of magneto-
spheric waveguide modes by overreflection at the magnetosheath inner boundary (Kivelson & Southwood,
1985; Mann et al., 1999).
3.3.4. Global Maps of Pc5 Wave Activity Distribution
In order to further explore the presence of Pc5 wave activity during storms found to be closely related to
electron flux enhancements in the storm recovery phase, we divided the selected storms into three phases:
pre-onset phase, main phase, and recovery phase based on the SYM-H index and the Pc5 wave activity
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Figure 8. Superposed epoch analysis of coherent Pc5 wave power in the north horizontal component for storms leading to electron flux enhancements (a, d),
sustained electron flux depletions (b, e), and a set of random epochs (c, f ) in the same format as Figure 7. ULF = ultralow frequency; MLT = magnetic local time;
UT = Universal Time.

observed in each phase was compared to the corresponding activity of other storms. Since each storm
in our list varied in length, this allowed us to look into geomagnetic storm processes contributing to Pc5
wave activity.

Storm onset was defined as the time the SYM-H index slope became and stayed negative. Then, we defined
the start of the pre-onset phase as the time of the Sudden Storm Commencement. For a number of moderate
storms in our list without a clearly defined Sudden Storm Commencement, the start of the pre-onset phase
was set 3 hr earlier to the onset of the storm, adopting the definition of Halford et al. (2010). The main phase
was identified as the period from the onset of each storm until SYM-H reached its minimum value and the
slope became positive and, finally, the recovery phase from the end of the main phase until the SYM-H index
recovered to at least 90% of its prestorm value—only if the SYM-H index had not returned to its prestorm
value. The specific definition of the recovery phase has been selected to allow time for storm time magneto-
spheric processes to recede and nonstorm time processes to be once again dominating, which could include
the refilling of the plasmasphere (Menk et al., 2014; Song et al., 1988).

Figure 9 shows the median wave power in the Pc5 frequency band across different MLTs and L shells ranging
from 1 to 10 for each storm phase. Specifically, Figures 9a and 9d show broadband Pc5 wave power before the
onset of the 38 storms selected, while Figures 9b and 9e and 9c and 9f from the main and recovery phases of
storms. We only consider bins of 1 L and 1 hr in MLT that exhibit meaningful difference between the two sets
of storms, as confirmed by Kolmogorov-Smirnov testing at a significance level of 5% in each storm phase. As
each pair of bins is tested independently, it is likely that the null hypothesis may be falsely rejected. We have,
therefore, repeated the comparisons by using a stricter significance level of 3% to find minimal differences
in the Kolmogorov-Smirnov test results. Unlike before the storm onset and in the main phase, most pairs of
bins with > 150 data points corresponding to the recovery phase were found to reject the null hypothesis;
namely, the distribution of data in the bins of storms leading to flux enhancements was not consistent with
the distribution of data in the corresponding bins of storms followed by flux depletions. Inlaid polar plots
show the total number of data points sampled in each L shell and MLT bin.

Before the storm onset, Pc5 wave power was observed enhanced (> 102 nT2/Hz) in the nightside as well as
the dawn sector of the magnetosphere during events that resulted in increased electron fluxes in the recov-
ery phase (Figure 9a). The picture is very different for the main phase, where wave activity is comparable in
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Figure 9. Azimuthal and radial distribution of the median of broadband Pc5 wave power in the north horizontal component observed before the onset of storms
and during storms’ main and recovery phases. (a–c) The power median during storms that led to electron flux enhancements. (d–f ) Storms resulting in sustained
flux depletions. Inlaid plots show the (log10 of) number of data points sampled in each L shell and magnetic local time bin.

both the nightside and dawn sector among the two sets of storms (Figures 9b and 6e) and higher in the dawn

sector for events with sustained electron losses (> 102.5 nT2/Hz over 04:00–08:00 MLT). The relatively low

wave activity observed on the duskside, particularly in the recovery phase, may be due to the plasmapause

location, which is usually asymmetric and extends further in the duskside where the dayside bulge surges

sunward to form a broad plume after the initial erosion of the plasmasphere (Chappell et al., 1971; Goldstein &

Sandel, 2005).

Figure 10 shows that the distribution of coherent Pc5 wave power peaks in the morning sector (06:00–12:00

MLT) during all three phases of storms leading to electron flux enhancements (Figures 10a–10c) and sustained

depletions (Figures 10d–10f ). We should note the pronounced peak in the outer magnetosphere from L shell

5 to 10 (Figures 10c and 10f), partly consistent with the results of previous ground-based studies suggesting

that narrowband Pc5 waves dominate in the prenoon dayside during the storm recovery phase, when particle

injections recede (Posch et al., 2003). The studies of Engebretson et al. (1998) and Rae et al. (2012) also suggest

that such ULF waves are generated by a physical mechanism related to the velocity shear between the solar

wind and the magnetopause—they are shear mode Pc5 waves. Enhanced wave activity in the dayside is likely

associated with additional physical processes, including solar wind dynamic pressure variability (as seen in

Figures 2c and 2g).
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Figure 10. Azimuthal and radial distribution of the median of coherent Pc5 wave power before the onset of storms and during storms’ main and recovery
phases. (a–c) The index median during storms that led to electron flux enhancements. (d–f ) Storms resulting in sustained flux depletions. Inlaid plots show the
(log10 of) number of data points sampled in each L shell and magnetic local time bin.

4. Discussion

Our results, using a more comprehensive data set for Pc5 wave power measured from ground magnetometers,
confirm previous studies on the occurrence of wave activity with respect to storms (Engebretson et al., 1998;
Posch et al., 2003) and storm time radiation belt dynamics. Specifically, in half of the magnetic storms of the
previous solar cycle 23 investigated (19 out of 38 storms), there was rapid depletion of relativistic electron
fluxes followed by an increase by orders of magnitude on hour timescales during the recovery of most intense
storms. The response of the outer radiation belt electrons to transient solar wind streams (i.e., CMEs) was
in other cases (19 storms) different with the fast depletion of relativistic electron fluxes in the main phase
being sustained throughout the recovery phase. This difference in the response of the outer radiation belt to
storms could partly be explained by enhanced ULF Pc5 wave activity associated with higher solar wind flow
speed in the recovery phase of storms leading to enhanced electron fluxes, which is consistent with results of
geosynchronous (O’Brien et al., 2001, 2003) as well as high elliptical orbit data studies (Mann et al., 2004) and
modeling (Elkington et al., 2003). Mann et al. (2004) found that megaelectron volt electron fluxes respond first
at the geosynchronous orbit at the outskirts of the outer radiation belt before subsequently peaking at lower
L shells. This could account for solar wind speed or ULF Pc5 wave power-correlated acceleration processes
that operate by inward radial transport.

We found that the, on average, twofold increase in relativistic electron fluxes, observed by GOES satellites at
geosynchronous orbit and a broad range of L shells by the SAMPEX satellite, was related to enhanced Pc5 wave
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activity. The square root of PSD in the Pc5 frequency range generally started to increase as early as to − 24 hr
and remained at values > 101.2 nT2/Hz until to +62 hr in the recovery phase, significantly longer than in storms
leading to sustained electron flux depletions where PSD was reduced to values < 101.2 nT2/Hz at to +8 hr on
average (Figures 4a and 4b). During this time, the relativistic electron fluxes were increased (Figures 1d and 1e),
suggesting that ULF waves had a role to play in electron acceleration and contributed to the reformation of
the outer radiation belt. This correlation supports indirectly the scenario of diffusive radial transport—a slow
process acting as the square root of time (Elkington et al., 2003). On the other hand, the presence of coher-
ent, narrowband Pc5 waves in storms’ recovery phase (Figures 5a and 5b) can accelerate electrons through
drift resonance (Degeling et al., 2008) and a relationship to time is also expected, challenging the standard
paradigm for transport on the drift motion timescale being diffusive in nature (Mann et al., 2013).

Our calculation of Pc5 wave power and our Pc5 wave activity index differs in some important aspects from
the previous studies examining ULF waves. Relative to Engebretson et al. (1998), Mathie & Mann, (2000,
2001, O’Brien et al. (2001), O’Brien et al. (2003), and Posch et al. (2003), we have calculated the wavelet
scale-averaged PSD over L shells ranging from 1 to 10 and MLT between 00:00 and 23:59, which would not
have been possible if measurements from a single ground magnetometer network had been used. Our results
are, therefore, not directly comparable to the findings of these and other ground-based studies; we have iden-
tified in our data wave activity that originated almost simultaneously from many different regions of both the
dayside and nightside magnetosphere instead of a single one. However, comparison of our superposed epoch
of Pc5 wave power and Pc5 wave activity index over all MLTs and a wide range of L shells confirms that the
peak of Pc5 wave activity is observed about the SYM-H index minimum and of narrowband Pc5 wave activity
in the recovery phase after having drastically dropped off in the main phase of storms.

Broadband Pc5 wave power was also found to be concentrated at higher L shells during all storm phases
(Figures 4a and 4b), reinforcing the findings of Georgiou et al. (2015). The gradual decay of power with decreas-
ing L shell is likely associated with an external source of Pc5 waves in the solar wind rather than an internal
one. Solar wind-driven waves with frequencies in the Pc5 frequency band may not penetrate deep into the
magnetosphere (Loto’aniu et al., 2006). According to Hartinger et al. (2010) and Balasis et al. (2015), it is possi-
ble that nominal conditions in the plasmasphere are not conductive to magnetohydrodynamics resonances
in the Pc5 frequency band. If fundamental FLR and cavity resonance frequencies are not in the Pc5 frequency
band, the average power will be low in the plasmasphere. In our study, the depth of power penetration (to
as slow as L shell < 2) appeared to be well correlated with the minimum SYM-H index of each storm, similar
to the penetration of relativistic electron flux of the outer radiation belt (Figures 6a and 6b). In addition, the L
shell where the power peak is observed is closely related to the plasmapause location, as seen in both storms
leading to electron flux enhancements and prolonged depletions.

Power at millihertz frequencies is produced by a number of physical processes, including externally generated
processes such as shear instabilities at the flanks (Claudepierre et al., 2008) or compressive variations in the
solar wind dynamic pressure (Kepko et al., 2002) with small azimuthal wave numbers (m ≤ 10) and internally
generated waves induced by ring current plasma instabilities with m = 40–120 (Rae et al., 2007). Fluctuations
in the solar wind velocity and/or dynamic pressure at Pc5 frequencies can also contribute to the variability
observed at similar frequencies in the geomagnetic field. Sometimes, the same frequencies are observed over
a broad range of latitudes (Samson & Rostoker, 1972). Storm time Pc5 waves generated by injected ions that
have been excited by kinetic drift instabilities in the ring current can be narrow band but are not detectable
in ground magnetometer measurements (Hughes & Southwood, 1976). During storms, these are observed
in space toward dusk (Hudson et al., 2004). Figures 8a and 8b show that narrowband Pc5 wave power con-
centrated in the prestorm phase as well as the storm recovery phase supports additional redistribution of
radiation belt electron flux under the action of broadband Pc5 waves (Mann et al., 2013). In accordance with
the findings of Nosé et al. (1995), Engebretson et al. (1998), and Posch et al. (2003) in ground-based and space-
borne measurements, they exhibit maximum occurrence and amplitude in the dawn-noon sector (05:00 to
14:00 MLT of Figures 8a and 8b).

In the superposed epoch analysis, we had an overlap between the pre-onset and main phases of storms of
different duration as well as between the recovery phase and the pre-onset of the next storm. With the indi-
vidual storm phases defined, there were not different storm phases overlapping with each other as well as
with relatively quiet periods. Nonetheless, the overall distribution of broadband and narrowband Pc5 wave
power across MLTs and L shells has not changed in Figures 9 and 10. The peak of the median Pc5 wave power
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still remained in the main phase of the storm but appears higher during the main phase of those events that
did not produce relativistic electrons. Epoch time bins partly covered both pre-onset and main phases, and
therefore, Pc5 wave power observed at different storm phases may have been averaged out.

The statistical comparison of Pc5 wave power observed during storms followed by either an increase in the
E > 1.5 MeV electron fluxes or a sustained depletion, presented here and previous studies, demonstrated
the importance of magnetospheric conditions in understanding and subsequently predicting the response
of the outer radiation belt. Simms et al. (2014) argued that the electron flux response could be modeled
by a set of parameters of which Pc5 wave power has the highest predictive ability. Intense and persistent
Pc5 wave activity has also been shown to lead to enhanced fluxes of relativistic electrons within 1 to 2 days
(Mann et al., 2004). Pc5 waves generated in response to solar wind excitation—in particular, increased Vsw

(Figures 2b and 2f)—could serve as intermediary between solar wind and radiation belts’ electron popula-
tion. The development and propagation of such geomagnetic pulsations are, however, profoundly influenced
by the magnetosphere’s structure in terms of both magnetic field and plasma characteristics. Engebretson et
al. (1998) argued that it is difficult to make estimates of Pc5 wave power on the basis of Vsw alone. On the con-
trary, one must consider physical characteristics intrinsic to the solar wind or related to its interaction with the
Earth’s magnetosphere.

Distortion or inward progression of the plasmapause during the course of storms is expected to gradually
alter wave properties and subsequently observations of wave power. Similarly, near-tail dynamics are seen
to be of importance, such as the varying plasma sheet populations providing low-energy (10 to 100 keV)
electrons that plays a key role in radiation belt dynamics. Two solar wind parameters are known be related to
the plasma sheet number density: the north-south component of IMF (Bz component, shown in Figures 2a
and 2e) and solar wind number density (Figures 2d and 2h). The solar wind number density correlates with
the plasma sheet number density positively (Borovsky et al., 1998), remaining at higher values during storms
producing relativistic electrons. Surprisingly, the plasma sheet electron density response to southward IMF is
also positive (Dubyagin et al., 2016).

Additional magnetospheric processes have been shown to be critical in radiation belt dynamics. Substorm
particle injections are thought to be a major contributor to increases of the total electrons content. Rather than
injecting megaelectron volt particles into the outer radiation belt, substorm activity provides a low-energy
seed population of kiloelectron volt particles that are subsequently accelerated to higher energies (Fok et al.,
2001). Forsyth et al. (2016) found that substorms are followed by increases with time lag of 1–3 days, namely,
comparable to the time lag between Vsw and the response of relativistic electrons in the outer radiation belt
(Lyatsky & Khazanov, 2008; Mann et al., 2004). In Figures 1d and 1e, relativistic electron fluxes have recovered
to their average prestorm level ≈ 1 day after the SYM-H minimum—if they recovered at all—and reached
their highest value ≈2.3 days after the Vsw maximum (Figure 2b). Similar to the enhancement of Pc5 wave
power, the frequency of substorms depends on Vsw, as Newell et al. (2016) have argued.

Besides the effect of substorms, enhanced magnetospheric convection acts to enhance and maintain seed
electron populations—plasma sheet particles transported earthward by tail processes which can be acceler-
ated via wave-particle interactions with whistler mode chorus (Kissinger et al., 2014; Rodger et al., 2016). In
particular, Kissinger et al. (2014) have found that storms with long-duration intervals of enhanced convection
without any substorm expansions in the recovery phase are more likely to increase relativistic electron fluxes
in the outer radiation belt than storms without quasi-steady convection. In turn, magnetospheric convection
triggers enhancement of chorus wave activity. This result differs from Rodger et al. (2016) who found repetitive
substorm onsets associated with enhancements in the flux of relativistic electrons, probably due to enhanced
chorus activity driven by magnetospheric convection. In this context, our results suggest enhanced Pc5 wave
activity in the recovery phase that could, however, act as a proxy for an acceleration mechanism other than
inward radial diffusion leading to enhancements of relativistic electron fluxes in the outer radiation belt.

5. Conclusions

Along with solar wind conditions leading to the onset of magnetic storms followed by sustained depletions or
an increase in relativistic electron fluxes in the outer radiation belt relativistic electron, this study investigated
the spatial and temporal profiles of ULF Pc5 wave power based on measurements from more than 180 ground
magnetometers of SuperMAG. One limitation of similar efforts in the past had been the limited observations
of ULF Pc5 wave activity originating from the outskirts of the magnetosphere and penetrating deep into the
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inner magnetosphere with continuity in space and time. Using ground magnetometer data from the virtual
network of SuperMAG, we found the following:

• The imprint of narrowband Pc5 waves particularly pronounced in the morning (from 06:00 to 12:00 MLT)
sector of the magnetosphere and more broadband Pc5 waves in the premidnight (from 18:00 to 24:00 MLT)
or dawn (from 03:00 to 09:00 MLT) sector, depending on the storm phase;

• Enhanced Pc5 wave activity penetrating to low L shells (< 4 L) and sustained throughout the recovery phase
of storms (on average 62 hr after the SYM-H index minimum) followed by increases in 1.5 < E < 6-MeV
electron fluxes observed in the outer radiation belt;

• The depth of wave activity penetration (to as low L < 2) associated with the intensity of each storm quantified
by the minimum SYM-H, similar to the penetration of relativistic electron flux in the outer radiation belt;

• The response of the outer belt electron fluxes to the selected storms related to the level of geomagnetic
activity as well as to solar wind driving. A minimum time interval of southward IMF Bz component as well
as high solar wind speed in the recovery phase of storms was a necessary condition for enhanced electron
fluxes in the storm recovery phase; high levels of solar wind density and dynamic pressure was not necessary;

• The outer radiation belt to respond in two different ways, relativistic electron fluxes were either enhanced
or depleted, depending on a combination rather than individual IMF and solar wind parameters which was
proposed by Borovsky and Birn (2014) to quantify the magnetic reconnection at the dayside magnetopause
affecting multiple magnetospheric processes.

Our statistical results are important in characterizing Pc5 wave activity which, in turn, sheds light on the solar
wind-magnetosphere interaction as well as on energetic particle transport. The set of storms selected reveals
that solar wind conditions alone do not define the different responses in outer radiation belt electron fluxes,
and ULF pulsations have a role to play. Nonetheless, magnetic field measurements alone cannot fully charac-
terize all features of ULF pulsations and electric field measurements are required to provide an unambiguous
picture of ULF wave activity in both the inner and outer magnetosphere. Owing to the spatial coverage of
ground magnetometers, the distribution of Pc5 wave power in local time and L shell could be studied in detail.
In future studies, we intend to use both electric and magnetic field data from multiple spacecraft to compare
Pc5 wave activity at different L shells during the course of storms.
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